Aims: This study aimed to evaluate left ventricular (LV) structure, function and mechanics, in highly-27 trained, pre-adolescent soccer players (SP) compared to age-and sex-matched controls (CON).
Introduction 54
The match-play and training characteristics of soccer 1, 2 presents an ecologically valid model to study 55 the effects of systematic high intensity intermittent exercise training on cardiac structure and function 56 in young, athletes.
57
A recent meta-analysis, has reported larger left ventricular (LV) diameter and wall thickness 58 yet similar conventionally derived indices of systolic and diastolic cardiac function in adolescent 59 athletes compared with non-athletes. 3 Additionally, cardiac enlargement increased with chronological 60 age suggesting a potential role of hormones in pubertal adaptation. Importantly, the influence of 61 exercise training on cardiac structure and function in pre-adolescent athletes may be ascertained without 62 the confounding factors of growth and maturation. However, the effects of soccer training in these 63 younger athletes are less clear, with some studies reporting similar absolute and scaled wall thicknesses 64 between pre-adolescent athletes and controls. 4-6 65 Our group recently documented LV structure and function in highly-trained pre-adolescent 66 athletes, with a particular focus on conventional indices of LV function. 7 Speckle tracking 67 echocardiography (STE) comprehensively assesses LV mechanics by quantifying deformation in the 68 longitudinal, circumferential and radial planes, as well as rotation and twist. 8, 9 Studies using STE to 69 compare young athletes with age-matched controls have been conflicting, 10-12 likely due to variations 70 in maturity status, the sex of the athletes, and disparate sports being studied. Some however, have 71 reported lower longitudinal strain 12 and augmented twist. 13 Thus, there is a paucity of data detailing LV 72 mechanics in pre-adolescent SP which warrants further investigation. Assessment of myocardial strains 73 using STE will further our understanding on the coupling between LV structure and function in this 74 population. Additionally, STE can facilitate temporal mechanical data that will extend our 75 understanding of strains and rotations throughout the cardiac cycle.
76
Taken together, with the increased professionalization and subsequent increased training loads 77 in elite youth soccer, at very early ages, there is a need to further interrogate global and regional markers 78 of LV structure, function and mechanics. It was hypothesised that, (1) LV structure would not differ 79 between pre-adolescent SP and controls (CON); (2) LV longitudinal strain would be lower in SP 80 compared to CON, while, (3) LV twist mechanics would be greater in SP than CON.
81

Methods 82
Participants 83 Twenty-two highly trained male youth soccer players (SP, age: 12.0 ± 0.3 years) and 22 recreationally 84 active males (CON, mean age: 11.7 ± 0.3 years) were recruited to the study. Two of the SP were British 85 African-Caribbean with the remainder Caucasian. Similarly, one of the CON was of British African-86 Caribbean origin and the remainder were Caucasian.
87
The SP training profiles were as follows: 4.5 ± 1.5 years training, 11 ± 1 months per year 88 training, 4 ± 1 training sessions per week and 9.4 ± 2.4 hours per week of training. This volume of 89 exercise training had been consistent for the entirety of their active training years. SP played one 90 competitive match per week and had been engaged in competitive soccer matches for 4 ± 2 years. The 91 SP were recruited from two Category one English Premier league youth soccer academies. For one 92 club, 14 boys from the U12 squad and their parents were approached, of which 3 were not enrolled 93 because of either personal circumstances (n=2) or a football related injury (n=1). At the second club, 94 researchers provided information to 15 U12 players and their parents, of which 2 were recovering from 95 injury, 1 was released from the club after signing up from the study, and 1 signed up and simply did not 96 attend the testing. Accordingly, all recruitment was consecutive and included 11 participants from both 97 clubs, with a total of 22 SP. CON participants took part in compulsory physical education of 2 hours 98 per week (the same as SP), were all recreationally active and without engagement of systematic training.
99
The CON self-reported 1.53 ± 1.77 hours per week of physical activity. 
164
Physical characteristics 165 SP were chronologically slightly older (p<0.05) than CON (12.0 ± 0.3 and 11.7 ± 0.3 years), but 166 maturity offset (-2.1 ± 0.6 and -2.1 ± 0.6 years) and age at peak height velocity (14.0 ± 0.5 and 13.9 ± 167 0.6 years) were similar between SP and CON, (both p>0.05). Similarly, stature (1.51 ± 0.06 and 1.49 ± 168 0.07 m) and body mass (40.2 ± 5.8 and 44.0 ± 11.7 kg) were similar between SP and CON, respectively 169 (both p>0.05). There were no inter-group differences for systolic (SP: 100 ± 8 mmHg; CON: 105 ± 13 170 mmHg) and diastolic blood pressure (SP: 61 ± 9 mmHg; CON: 61 ± 10 mmHg).
172
Conventional LV structure and function 173 Absolute and scaled SV, as well as scaled LVEDV were greater in SP than CON (all p<0.05). Absolute 174 LV diameters, mean wall thickness and mass were not different between SP and CON (all p>0.05), 175 whereas concentricity was lower and sphericity index greater in SP than CON, respectively (all p < 176 0.05, Table 1 ).
177
Conventionally derived systolic and diastolic function in SP and CON are presented in 178 Appendix and papillary muscle levels were greater in SP than CON (both p<0.05). Also, peak circumferential and 187 longitudinal diastolic SR were greater in SP than CON (both p<0.05). Apical rotation was higher in SP 188 than CON (p<0.05), without differences at the basal level (p>0.05) and thus, peak LV twist was greater 189 in SP (p<0.05). No further differences in peak LV mechanics were observed between groups (all 190 p>0.05, Table 2 ).
191
In SP, longitudinal SR was greater than CON during early diastole (p<0.05) and showed a 192 leftward shift in the descending arm during mid diastole ( Fig. 1 A, B) . Circumferential strain at basal 193 and papillary muscle levels were greater in SP than CON throughout systole (p<0.05). SR at the 194 papillary muscle level was greater in SP (p<0.05), corresponding to early diastole (Appendix Fig. B.1 ).
195
Similarly, apical rotation and twist were greater in SP than CON through the majority of systole 
200
Discussion 201
The major findings from the study were that SP had augmented peak LV mechanics (circumferential 202 strain, apical rotation and twist) and faster early diastolic lengthening. Additionally, SP had lower 203 concentricity than CON, without concomitant differences in wall thickness or longitudinal strain 204 between SP and CON.
205
Lower concentricity was evident in the presence of larger scaled LVEDV, indicative of 206 heightened preload, in SP compared to CON. It is possible that this is the consequence of plasma volume 207 expansion common in well trained adolescents. 23 The similar LV structure between groups contradicts 208 previous echocardiographic work that has reported greater LV wall thickness or chamber diameter in 209 pre-adolescent SP. 12,24 These contrasting findings may be a product of differences in maturation status 210 of the studied populations. Indeed, a recent meta-analysis found pre-adolescent athletes (<14 years) 211 presented cardiac enlargement to a lesser extent than those within the pubertal growth stage. 3 
246
Greater circumferential strains and LV twist mechanics could explain the greater EF in pre-247 adolescent SP. Subsequently, the likely combination of a larger LVEDV and increased EF led to a 248 greater SV. The higher EF observed is not in agreement with other similar work, although the dataset 249 presented within this recent meta-analysis was highly heterogeneous. 3 The reasons for discrepancies 250 between studies is unclear. However, EF is considered a surrogate marker of LV pump function, 30 and 251 others have reported pre-adolescent athletes have similar EF with comparable or lower LV strain 252 mechanics than CON. 10-12 Whereas, in this study SP had a greater EF which was accompanied with 253 augmented circumferential strain and twist, and thus the altered mechanics may explain the greater EF.
254
Together, the combination of LV mechanics and EF in this study suggests augmented systolic function, 255 yet the functional capacity and potential reserve during exercise warrants further investigation.
256
Mitral inflow and early diastolic tissue velocities were similar between SP and CON, whereas 257 assessment of temporal SR indicated SP had faster diastolic lengthening during the early phases of 258 diastole. SR was lower in SP at 35-40% diastole during the cardiac cycle signifying superior lengthening 259 velocities leading to a longer period of diastasis. These data are supported by the greater peak 260 longitudinal and circumferential (papillary muscle level) SRE in SP than CON. Accordingly, it is 261 plausible that novel assessment using STE may facilitate the detection of subtle differences that are not 262 apparent using TDI, with the former being advantageous in being relatively angle independent and less 263 affected by tethering from adjacent segments. 8 Collectively, these data suggest improved relaxation 264 may contribute to the enhanced preload/LVEDV and the larger ensuing SV. The functional importance 265 of these observations is yet to be fully realised, however, it is possible that this becomes pertinent to 266 support LV filling especially when diastole shortens during exercise.
267
Considering that youth SP perform at high intensities, 1,11 the differentiation between 268 pathological and physiological adaptation is of paramount importance and is of current interest. 31 The 269 present study highlights that elite-level soccer training may be a strong enough stimulus to induce LV 270 mechanical adaptations, even in the absence of morphological difference. We report normal values of 271 LV mechanics in asymptomatic pre-adolescents, therefore, the clinical inference is challenging and may 272 warrant further investigation in those with and without known cardiovascular diseases. Additionally, 273 given the small sample sizes in this study, the clinical implications of this work require further study in 274 larger groups, in association with exercise training status. Future longitudinal data is needed to track 275 these players throughout the volatile growth periods, and as a result, these insights may be helpful to 276 diagnose early stages of cardiomyopathies, such as in HCMP phenotype negative but genotype positive 277 individual, for example.
278
Limitations
279
We acknowledge the limitations of cross-sectional studies including for example, the ability to clearly 280 attribute the cardiac functional changes to soccer training, or the genetic predisposition for 281 preadolescents to perform soccer at a high-level. Plasma volume was not assessed in this study due to 282 ethical restrictions for blood sampling in the studied population. Two-dimensional echocardiography is 283 inherently limited by out-of-plane motion such that, apical and basal imaging planes may not be the 284 same through the entire cardiac cycle. 8 Limitations in current echocardiographic techniques may 285 explain why LV twist was not obtained in 5 participants (n=1 SP and n=4 CON), since optimal 286 acquisition and speckle-tracking are required at both the base and apex. Accordingly, this resulting in 287 slightly unequal samples sizes between SP and CON. While this presents challenges for clinical utility, 288 these parameters are increasing acknowledge for their potential use in characterising the athlete's heart, 289 although work is still needed for normative values in LV twist and circumferential strain. 32 In this study, 290 however, we applied stringent criteria to both image acquisition and analysis to facilitate confidence in 291 obtaining physiologically meaningful data. Finally, if age-associated increases in LV twist during 292 childhood are related to maturational adaptive modulation 33,34 , it would be unlikely that the small 293 differences in chronological age between SP and CON would impact results, since biological age 294 (maturity offset) and LV length were similar (i.e. twisting occurs along the same length LV). Table 1 Left ventricular structure and volumes in soccer players (SP) and controls (CON 
463
Data are presented as means ± standard deviation. SRS, peak systolic strain rate; SRE, peak early 464 diastolic strain rate; SRA, peak late diastolic strain rate. 
